During mitotic exit, missegregated chromosomes can recruit their own nuclear envelope (NE) to form micronuclei (MN). MN have reduced functioning compared to primary nuclei in the same cell, although the two compartments appear to be structurally comparable. Here we show that over 60% of MN undergo an irreversible loss of compartmentalization during interphase due to NE collapse. This disruption of the MN, which is induced by defects in nuclear lamina assembly, drastically reduces nuclear functions and can trigger massive DNA damage. MN disruption is associated with chromatin compaction and invasion of endoplasmic reticulum (ER) tubules into the chromatin. We identified disrupted MN in both major subtypes of human non-smallcell lung cancer, suggesting that disrupted MN could be a useful objective biomarker for genomic instability in solid tumors. Our study shows that NE collapse is a key event underlying MN dysfunction and establishes a link between aberrant NE organization and aneuploidy.
INTRODUCTION
The nuclear envelope (NE) is comprised of two membranes whose integrity is required for compartmentalization and regulated access of proteins and other macromolecules to the nuclear genome. The NE forms during late anaphase and telophase from association of ER membranes with the chromatin and subsequent fusion of ER sheets (Anderson and Hetzer, 2008a; Lu et al., 2011) . NE formation involves sequential recruitment, to the decondensing chromatin, of proteins that establish the major structures of the NE (Burke and Ellenberg, 2002) . These structures include the nuclear pore complexes (NPCs), the nuclear lamina, which is a network of intermediate filament proteins that stabilizes the NE, and inner nuclear membrane (INM)-localized proteins, which target the ER to the chromatin and later link the lamina to the membrane (Gant and Wilson, 1997) .
Micronuclei (MN) form when a whole or broken chromosome segregates improperly during mitosis and becomes separated from the main chromatin mass. In this study, we will focus conceptually on lagging chromosomes, which give rise to MN containing a whole chromosome. During telophase, the lagging chromosome recruits its own NE to form a separate compartment from the primary nucleus (PN). During the subsequent mitosis, the sequestered DNA can segregate normally or reform an MN (Crasta et al., 2012) . Because they are strongly correlated with mitotic errors, MN are regarded as an accurate indicator of genomic instability and aneuploidy (Fenech, 2007) .
Previous work on MN in cultured cells identified functional defects in DNA replication, transcription, DNA-damage repair, and nuclear-protein localization as a potential source of chromosome pulverization (chromothripsis) (Hoffelder et al., 2004; Terradas et al., 2009 Terradas et al., , 2012 Xu et al., 2011; Crasta et al., 2012) . However, making an MN does not necessarily decrease functionality as DNA replication occurs normally in karyomeres (i.e., MN that form during normal development) during embryogenesis in several species (Lemaitre et al., 1998) . In addition, MN in somatic cells appear structurally normal (Paulin-Levasseur et al., 1996; Hoffelder et al., 2004) , although nuclear-pore-protein levels appear to be partially decreased (Hoffelder et al., 2004; Crasta et al., 2012; Terradas et al., 2012) .
It is currently unclear whether this broad group of functional defects occurs concurrently or has distinct origins and why it is specific to somatic-cell MN. To address these questions, we analyzed the NE in MN in cultured cells and found that the majority of MN irreversibly lose compartmentalization during interphase in both nontransformed and cancer cells, and this loss globally arrests nuclear functioning. We show that MN disruption is the result of changes in lamina organization, but not increased DNA damage, and is followed by invasion of ER membranes into the MN chromatin. We also show that nonsmall-cell lung cancer (NSCLC) tumor sections contain disrupted MN, indicating that disrupted MN are a general feature of cancer cells, which could be a useful marker of genomic instability in solid tumors.
RESULTS

Irreversible Loss of MN Compartmentalization during Interphase
To determine why MN have broad dysfunction compared to PN in the same cell, we first examined nuclear compartmentalization (legend continued on next page) of two reporters: 23RFP fused to a nuclear localization signal (RFP-NLS) and 43GFP fused to a nuclear export signal (GFP-NES). We performed time-lapse microscopy of U2OS cells and found that, as expected, RFP-NLS accumulated in both the PN and MN compartments in U2OS cells after NE formation, whereas GFP-NES was excluded ( Figure 1A ). However, although the PN maintained proper localization of the reporter proteins throughout interphase, a significant population of MN showed rapid and irreversible loss of RFP-NLS concomitant with a failure to exclude GFP-NES from the chromatin ( Figure 1A and Movie S1 available online). Mislocalization of both nuclear and cytoplasmic reporters is indicative of a disrupted nuclear permeability barrier. Thus, we will refer to this event as MN disruption.
To determine what proportion of MN undergo disruption, we quantified MN fate by time-lapse imaging of U2OS cells expressing 33GFP fused to the NLS-containing importin-b binding domain (IBB) and H2B-mCherry. We found that during a single interphase, over 65% of the total MN observed became disrupted, and only a small percentage were able to repair the NE and reaccumulate GFP-IBB prior to mitosis ( Figure 1B) . From these experiments, we were also able to determine the fate of the MN chromatin after mitosis. We found that disruption had no significant effect on the frequency with which an MN was generated after the second mitosis and that disrupted MN rejoined the PN chromatin at least 50% of the time ( Figure 1C ).
To confirm that MN disruption involves a complete loss of compartmentalization, we first asked whether the endogenous nuclear proteins retinoblastoma (Rb), a cell-cycle regulator, and LSD-1, a histone demethylase, were also lost from disrupted MN. We found that LSD-1 and Rb labeling of MN was strongly correlated with the presence of the NLS reporter and that these proteins were rarely present in disrupted MN ( Figures 1D and  1E) . Thus, the mislocalization of these proteins is a reliable indicator of MN disruption.
Second, we expressed a shuttling construct containing both an NLS and an NES fused to tdTomato (NES-tdTom-NLS) in U2OS cells and blocked nuclear export to determine whether disrupted MN can actively accumulate nuclear proteins. NES-tdTom-NLS accumulated in both the PN and intact MN, but not in the disrupted MN (Figures S1A and S1B), verifying that accumulation of nuclear proteins is abrogated. These data confirm that disrupted MN have completely lost compartmentalization.
We next analyzed MN disruption in cancer lines from different tissues and found a similar proportion of intact and disrupted MN as in U2OS cells ( Figure 1F ). We then assessed MN disruption in two nontransformed cell lines-the immortalized epithelial cell line RPE-1 stably expressing GFP-NLS ( Figure S1C ) and the primary fibroblast cell line IMR90. MN integrity in IMR90 cells was determined by LSD-1 labeling. Because these cells normally produce very few MN, we treated cells with nocodazole to induce missegregation of whole chromosomes (Cimini et al., 2001 ). This treatment also causes a p53-dependent G1 arrest (Li et al., 2010; Thompson and Compton, 2011; Crasta et al., 2012) . In both cell lines, we found that around 50% of the MN were disrupted 24 hr after mitosis ( Figure 1G ), indicating that MN disruption occurs frequently in both normal and transformed cells.
Next, we asked whether MN disruption was cell cycle specific. First, cells were synchronized by mitotic shake-off after a brief incubation in nocodazole and pulse-labeled with EdU to identify S phase cells prior to fixation at the indicated time points. After mitotic exit, almost all MN were intact by time-lapse imaging; however, the proportion of intact MN decreased steadily throughout interphase ( Figure 1H ). Consistent with stochastic MN disruption, time-lapse imaging experiments revealed that MN disruption occurred throughout interphase such that over 50% of MN were disrupted for over half the duration of interphase ( Figure S1D ).
To determine whether there are cell-cycle-specific differences in MN disruption frequency, we first synchronized U2OS cells by mitotic shake-off and incubated them up to 48 hr in either hydroxyurea (HU) or the Cdk1 inhibitor RO-3306 to arrest them in S or G2 phase, respectively. The concentration of drug used was sufficient to induce arrest, as assessed by fluorescenceactivated cell sorting (FACS) analysis (data not shown). Examination of cells fixed over the course of the arrest showed a gradual decrease in the proportion of intact MN in both S and G2 phase arrests ( Figure S1E ). We also analyzed MN in G1-arrested RPE-1 GFP-NLS cells and found that the proportion of intact MN also decreases during G1 arrest ( Figure S1F ). These data confirm that MN disruption frequency is cell cycle independent and that the proportion of disrupted MN increases as interphase is extended.
Finally, we asked whether general characteristics of the chromatin in the MN impacted its fate. Using the initial size of the MN as a proxy for chromatin amount, we observed no correlation between MN disruption and chromatin amount ( Figure S1G ). We also found no difference in disruption frequency in MN that had a centromere (whole-chromosome origin) or in MN that lacked a centromere (broken-chromosome origin) (Figures S1H and S1I). These data indicate that the amount of chromatin and presence of a centromere are not significant factors in MN fate.
MN Disruption Is Caused by NE Collapse
Because most MN are intact at mitotic exit, we wanted to investigate why they lose compartmentalization as they proceed through interphase. We first asked whether the loss of compartmentalization in disrupted MN was the result of NPC loss. We examined the levels of NPC components in intact and disrupted MN by immunofluorescence and found that the core nucleoporins recognized by mAb414 are present at similar levels in both disrupted and intact MN ( Figures S2A and S2B ), suggesting Figure S1 and Movie S1. that a loss of NPC proteins is not driving compartmentalization loss. The mAB414 labeling did appear to be disorganized in some disrupted MN, however. In contrast, we found that levels of the basket nucleoporins Nup153 and TPR were reduced in disrupted MN ( Figures S2C and S2D) . However, the loss of TPR and Nup153 is not sufficient to explain the observed defects in nuclear trafficking (Frosst et al., 2002; Mackay et al., 2009) .
Second, we asked whether MN disruption is the result of nonmitotic breakdown of the nuclear membrane. We monitored the dynamics of MN disruption by time-lapse imaging of U2OS cells and compared them to the dynamics of interphase NE rupturing in PN, which have been previously characterized (Vargas et al., 2012) . We found that the half-time of GFP-IBB loss during MN disruption was similar to that of PN NE rupturing (Figures 2A and 2B; Movies S2 and S3) , suggesting that MN lose compartmentalization via disruption of the NE. To distinguish the two processes, we will refer to them as ''NE rupturing'' in the PN and ''NE collapse'' in the MN.
NE ruptures in the PN are repaired in minutes, yet NE collapse in the MN is almost always irreversible. To investigate alterations in NE structure during MN disruption, we performed time-lapse imaging of cells expressing Sec61B fused to GFP (Sec61B-GFP), which localizes to both the ER and outer nuclear membranes, identified by calreticulin labeling ( Figure 2C ). We observed that the majority of MN (27/29) underwent an irreversible collapse of both the NE and the chromatin after disruption ( Figure S2E and Movie S4). Analysis of fixed cells indicated that loss of Sec61B-GFP from the nuclear rim strongly correlated with MN disruption ( Figures 2C and 2D ). Unexpectedly, we noticed that Sec61B-GFP was enriched on the exposed MN chromatin. This is unlikely to mark aggregation of ER membranes, as calreticulin does not show a similar aggregation ( Figure 2C ). Similar results were observed with Sec61B-V5 ( Figure S2F ) and the INM proteins LBR and Lap2b (data not shown). These results indicate a significant change in the protein composition of chromatin-associated NE/ER membranes after disruption in MN.
We also observed that ER membranes failed to be properly excluded from the chromatin in disrupted MN. To determine whether these membranes represented ER tubules, we observed the localization of a tubular ER marker, reticulon 3 (Rtn3) (Voeltz et al., 2006) , which is normally excluded from the NE and ER sheets (Anderson and Hetzer, 2007) . V5-tagged Rtn3 is depleted from both PN and intact MN NEs, which are labeled by calreticulin ( Figure 2E , top). However, V5-Rtn3, as well as calreticulin, was present throughout the chromatin in disrupted MN ( Figure 2E , bottom), indicating an aberrant association of tubular ER with the exposed chromatin. To confirm the invasion of ER into disrupted MN chromatin, we examined MN ultrastructure by transmission electron microscopy (TEM) in U2OS cells fixed either 8 hr or 18 hr post-mitosis. In the 8 hr sample, the PN and the MN were both surrounded by an intact NE ( Figure 2F , left). However, at 18 hr, we observed disrupted MN where convoluted, ribosome-studded ER membranes were associated with cytoplasmic chromatin ( Figure 2F , right), consistent with ER tubule invasion into disrupted MN chromatin.
To further characterize the change in chromatin structure associated with NE collapse, we analyzed the size and intensity of DAPI staining in disrupted MN. We observed that disrupted MN were frequently smaller and more condensed than intact MN (Figures S2G and S2H) . Consistent with an increase in chromatin compaction, we also observed a strong correlation between MN disruption and the loss of acetyl-histone3-K9, a mark of open chromatin ( Figure S2I ). Taken together, these data indicate that MN disruption is caused by NE collapse, which is characterized by chromatin compaction and a failure to exclude ER tubules from the chromatin mass.
NE Collapse Is Triggered by Lamin Disorganization
Research from our lab showed that NE rupturing in PN was closely associated with defects in the nuclear lamina (Vargas et al., 2012) . To determine whether the lamina was similarly compromised in MN prior to NE collapse, we examined the localization of lamin B1 (LmnB1) in intact MN. Two morphologies were observed: (1) a continuous nuclear rim of LmnB1, similar to the PN, and (2) discontinuous LmnB1 labeling characterized by one or more large holes in the lamina ( Figure 3A ). To determine whether MN disruption is linked to lamina discontinuities, we monitored RFP-tagged LmnB1 in MN by time-lapse imaging. In 19/19 MN, we observed large lamin discontinuities developing prior to NE collapse (Movie S5). In several cases, these holes were apparent soon after NE reformation at the end of mitosis (Movie S6). We did not observe contraction of the lamin holes in intact MN during interphase, indicating that the holes are stable and resistant to repair. These data suggest that lamina disorganization, which appears at different stages in interphase by mechanisms that remain to be determined, triggers MN disruption.
After disruption, LmnB1 often loses peripheral localization and appears collapsed ( Figure 3A ; Movies S5 and S6), similar to what we previously observed for the NE. Analysis of fixed cells indicated that the collapsed lamin morphology was strongly correlated with disrupted MN ( Figure 3B) .
Previous work has shown that loss of LmnB1 causes holes to form in the lamina (Vergnes et al., 2004) and significantly increases the frequency of NE rupturing (Vargas et al., 2012) . To determine whether LmnB1 levels similarly affected MN disruption, we depleted LmnB1 in U2OS cells and observed MN integrity. We observed a significant increase in the proportion of disrupted MN in LmnB1-depleted cells compared to controls (Figures 3C and S3A ). This effect was not seen upon depletion of either LmnB2 or LmnA/C (Figures S3A-S3C ) and was enhanced by further reducing LmnB1 levels through transfection of a LmnB1 small interfering RNA (siRNA) (Figures S3D  and S3E ). Expression of nondegradable LmnB1 reduced MN disruption to control levels ( Figures 3C, S3F , and S3G), indicating that MN disruption is specific to LmnB1 depletion.
We used superresolution microscopy to analyze LmnB1 organization in intact MN and found that it was characterized by large holes in the lamina, similar to the organization in LmnB1-depleted PN ( Figure 3D ). We did not detect phosphorylated lamins in MN, indicating that lamina disruption is independent of mitotic kinase activity (data not shown). These data suggest that NE collapse in MN is linked to LmnB1 depletion specifically.
To determine whether lamin overexpression is sufficient to inhibit MN disruption, we expressed LmnB2 in U2OS cells ( Figures S3H and S3I ). LmnB2 was used because it has overlapping functions with LmnB1 in maintaining nuclear structure (Coffinier et al., 2010) but, unlike LmnB1, does not cause largescale structural alterations upon overexpression (Schumacher et al., 2006) . We observed a significant increase in intact MN in cells expressing LmnB2 compared to control cells ( Figure 3E ). Thus, our data suggest that MN disruption results from lamina disorganization and specifically decreased LmnB1 levels and that increasing lamin B levels can prevent disruption. 
MN Disruption Causes Broad Micronuclear Dysfunction
Compartmentalization is a prerequisite for proper localization and concentration of proteins in the nucleus and is the basis of regulated genome functioning. Therefore, we assessed the impact of MN disruption on nuclear functions and asked whether it could explain the defects that had been previously identified in MN. We first assessed transcription by labeling cells with an antibody to RNAPolII-phospho-S2, which is specific for elongating RNAPolII (Ni et al., 2004) . We observed that RNAPolIIpS2 was present in the majority of intact MN but absent from almost all disrupted MN (Figures 4A and 4B ). We also examined nuclear mRNA content by oligo-dT fluorescence in situ hybridization and found that mature mRNAs were present in both intact MN and PN, but absent in disrupted MN ( Figure S4A ). These data indicate that disruption is strongly correlated with a complete loss of transcription.
To determine the impact of MN disruption on DNA replication, we synchronized cells by mitotic shake-off and released them into interphase in the presence of EdU. After 24 hr, we found that in cells with EdU-positive PN, almost all disrupted MN completely lacked EdU labeling ( Figures 4C and 4D ). In contrast, the majority of intact MN incorporated EdU, although about 20% lacked EdU labeling. This defect in replication in intact MN is consistent with previous work demonstrating delays in early replication-factor recruitment to MN (Crasta et al., 2012) . However, our data indicate that MN disruption is strongly correlated with a complete arrest of DNA replication.
Finally, we asked whether DNA-damage repair was impaired specifically in disrupted MN. To assess levels of DNA damage, we looked for foci of g-H2AX, a modified histone found at sites of DNA double-stranded breaks (DSBs) (Ciccia and Elledge, 2010) . We found multiple foci or a single large focus of accumulated g-H2AX in around 60% of disrupted MN yet rarely in intact MN ( Figures 4E and 4F ). The appearance of g-H2AX foci could be prevented by overexpression of LmnB2 ( Figure S4B ), confirming a strong correlation between MN disruption and DNAdamage accumulation. We also analyzed when in the cell cycle disrupted MN accumulated DNA damage and found that the proportion of disrupted MN with g-H2AX labeling was significantly higher in S and G2 phase compared to G1 ( Figure S4C ). No change was observed in intact MN (data not shown). Labeling of cells with cleaved caspase-3 indicated that g-H2AX-positive MN were not associated with apoptotic cells ( Figure S4D ). Together these data indicate that DNA-damage accumulation is strongly correlated with MN disruption.
The g-H2AX signal in disrupted MN could represent either new DNA damage occurring after disruption or a failure to repair DNA damage occurring in intact MN. To discriminate between these possibilities, we treated G1 cells with doxorubicin, a DSB inducer, and quantified g-H2AX foci. Doxorubicin caused multiple g-H2AX foci to appear in 100% of the PN and the majority of intact MN, but foci were largely absent from disrupted MN (Figures 4G and 4H ), indicating that disrupted MN can neither sense new DNA damage nor repair existing damage.
DNA Damage Does Not Cause MN Disruption
The lack of intact MN with accumulated g-H2AX and the inability of disrupted MN to acquire DNA-damage marks suggest that DNA damage and MN disruption likely occur concurrently. Previous work has shown that DNA damage can affect nuclear organization (Misteli and Soutoglou, 2009 ), thus we wanted to know whether DNA damage could cause MN disruption. We first examined the effect of inducing DSBs on MN disruption. G1 cells, which largely contain intact MN, were treated with either DMSO or doxorubicin for 1 hr. The drug was then washed out, and cells were allowed to recover for 20 hr. We found that, although DNA damage persisted in the doxorubicin treated nuclei for at least 20 hr after release (Figure 5A ), the proportion of disrupted MN was the same in cells treated with DMSO or doxorubicin (Figure 5B) , indicating that DSB formation and recruitment of DNA-damage-repair proteins do not increase MN disruption frequency.
To confirm this finding, we incubated G1 cells with varying concentrations of HU to examine the effect of replication stress on MN disruption. HU arrests cells in S phase by causing replication-fork stalling and collapse, which develop into one-sided DSBs (Petermann et al., 2010) . We examined the proportion of disrupted MN after a 24 hr incubation and found that, although g-H2AX foci numbers increased in PN ( Figure 5C ) and intact MN ( Figure 5D ) with increasing concentrations of HU, there was no significant difference in the proportion of disrupted MN ( Figure 5E ). Thus, disruption appears to be the cause, not the consequence, of DNA-damage accumulation in MN.
MN Disruption in NSCLC
To determine whether MN disruption was limited to cultured cells, or if it occurred in solid tumors as well, we observed the localization of LSD-1, a direct marker of nuclear integrity ( Figure 1D ), and g-H2AX, a marker of the loss of functionality in disrupted MN, in paraffin sections of human NSCLC tumors. NSCLC tumors are characterized by a high level of chromosomal instability (Nakamura et al., 2003; Birkbak et al., 2011) and are thus likely to have a high frequency of MN. MN were identified using two criteria: first, the chromatin mass had to be completely contained within the paraffin section z plane, and second, the chromatin mass had to be present in the same cell as a larger PN. The latter was determined using antibodies to E-cadherin to label cell junctions. Using LSD-1 and g-H2AX labeling, we identified two populations of MN in NSCLC tumors. The first had high levels of LSD-1 and no g-H2AX labeling, indicative of intact MN ( Figure 6A, top) . The second had no LSD-1 labeling and high levels of g-H2AX, indicative of disrupted MN that had accumulated DNA damage ( Figure 6A, bottom) . Further examination of the g-H2AX-positive MN showed that they also lacked TPR and acetylhistone3-K9 ( Figures S5A and S5B ) and were present in nonapoptotic cells (Figure S5C ), indicating that they represent true disrupted MN.
Disrupted MN were identified in 2/3 pulmonary adenocarcinomas and 1/1 squamous cell carcinomas. The presence of disrupted MN in tumor cells of both types was confirmed by pseudocoloring DAPI and Sypro Ruby staining to resemble hematoxylin and eosin staining, respectively (Figures 6B and 6C) . Taken together, these data indicate that MN disruption occurs in vivo in solid tumors. (legend continued on next page)
DISCUSSION
Historically, MN have been considered passive indicators of chromosomal instability. A growing body of evidence has shown, however, that being segregated into an MN has important negative consequences for the chromatin that could drive chromosomal instability (Hoffelder et al., 2004; Terradas et al., 2009 Terradas et al., , 2012 Xu et al., 2011; Crasta et al., 2012) . In the present study, we demonstrate that broad MN dysfunction and massive DNA damage result from irreversible NE collapse in MN in both cultured cells and solid tumors. We found that during interphase, most MN in a population of cells lose compartmentalization after irreversible NE collapse. Loss of NE integrity arrests basic nuclear functions including replication, transcription, and DNAdamage recognition and repair. NE collapse in MN is preceded by defects in lamin organization specifically linked to decreased levels of LmnB1. Disrupted MN are characterized by large conformation changes in the chromatin and associated ER membranes and INM proteins, which likely inhibit NE repair (Figure 6D) . Importantly, disrupted MN were identified not only in cultured cancer cells but also in human tumors, immortalized epithelial cells, and primary fibroblasts. Thus, NE collapse and subsequent disruption of MN functioning appears to be a general consequence of MN formation.
Mechanism of MN Disruption
Our data reveal a structural defect in the lamina of MN that destabilizes the NE. However, it is unclear what causes discontinuities to form specifically in the MN lamina. Our imaging of LmnB1 in MN after mitosis provides evidence that holes can be present almost concurrently with NE formation. This timing is consistent with a defect in NE formation, rather than a failure to maintain or import lamin-associated proteins in interphase, although the latter could contribute to hole growth. NE formation is a highly orchestrated multistep process, and lamina assembly is one of the last steps (Burke and Ellenberg, 2002) . Thus, any problems early in NE assembly could have downstream effects on lamina disorganization. Identifying the mechanism underlying lamina disorganization in MN could thus provide important information about how NE formation is regulated. NE collapse in MN differs from that in PN in that it is usually irreparable. At this time, almost nothing is known about how the NE repairs itself in PN, but the mechanism would have to result in respreading of the ER/NE membrane over the chromatin. There are two possible sources of this membrane, one is the existing NE, and the second is ER tubules or sheets interacting with the chromatin and subsequently forming an NE, similar to what occurs during NE formation (Anderson and Hetzer, 2008b) . Our data indicate that ER tubules do contact the exposed chromatin but fail to reform an intact NE. Concurrent with NE collapse, we also observed significant chromatin compaction. Although our data do not indicate which event occurs first or if NE collapse and chromatin compaction are mechanistically linked, one possibility is that chromatin condensation prevents either NE repair or new NE formation. This model is consistent with the idea that NE formation during mitotic exit, in addition to the orchestrated action of cell-cycle-specific phosphatases (Ramadan et al., 2007) , requires chromosome decondensation to recruit INM protein to the chromatin surface (Hetzer, 2010) . Thus, understanding why disrupted MN have aberrant connections with ER tubules in interphase could provide important insights into both NE formation and interphase NE repair.
Consequences of MN Disruption
Our data demonstrate that MN disruption results in a global cessation of nuclear functions. However, our data and those of previous studies demonstrate that there are defects in intact MN functioning as well, specifically in recruitment of DNA-repair and -replication proteins (Crasta et al., 2012; Terradas et al., 2012) . Previously, MN were thought to be structurally similar to PN, but our study identifies a severe problem with lamina organization in MN. This disorganization may not only prime MN for NE collapse but also impair functioning in intact MN as disrupting the LmnB1 network in PN has been shown to impair both transcription (Spann et al., 2002; Tang et al., 2008) and DNA replication (Spann et al., 1997) .
Our work indicates that the time of DNA-damage accumulation, specifically g-H2AX accumulation, is restricted to when disruption occurs. However, our data are consistent with a model where the accumulation of DNA damage is context dependent. Previous work has suggested that DNA damage in MN is the result of incomplete DNA replication (Xu et al., 2011; Crasta et al., 2012) . In our study, we observed a significant increase in g-H2AX-positive MN specifically in S and G2 phases as well as intact MN with impaired DNA replication (see Figure 4D) . These data are consistent with a model where DNA replication sensitizes intact MN to DNA damage, which is triggered by MN disruption. Although we did not observe a significant impairment of NPC assembly or active accumulation of nuclear proteins in intact MN, in contrast to previous reports (Hoffelder et al., 2004; Terradas et al., 2009; Crasta et al., 2012) , this does not rule out defective transport of specific proteins important for processes like DNA replication into intact MN. It will be of great interest to determine the mechanism of DNA damage in MN and how disruption can induce a massive accumulation of fragmented DNA that could drive chromothripsis (Crasta et al., 2012) .
In principle, the arrest of transcription and DNA replication and the induction of DNA damage can all promote aneuploidy. Loss of transcription can generate a temporary aneuploidy in interphase cells, and if the segregated chromatin contains important regulators for processes like genomic stability, this could be sufficient to induce more permanent genomic alterations. The loss of DNA replication causes the cell to enter mitosis as 2n-1, guaranteeing that one daughter cell will be aneuploid. Finally, previous work has shown that DNA damage in MN results in extensive DNA fragmentation in both interphase and mitosis (Terradas et al., 2009; Crasta et al., 2012) . These chromatin pieces are hypothesized to be source material for the massive single-chromosome rearrangement process termed chromothripsis (Crasta et al., 2012) , which occurs in a wide variety of cancers (Stephens et al., 2011) . Our work refines this model by demonstrating a strong correlation between NE collapse in MN and the accumulation of DNA damage.
MN Disruption and Cancer
Chromothripsis strongly correlates with poor prognosis in cancer patients (Rausch et al., 2012) and is postulated to occur early in carcinogenesis (Forment et al., 2012) . For disrupted MN to play a significant role early in carcinogenesis, they should occur in healthy cells. Although MN frequency is low in normal cells (estimates suggest 0.5 to 2.5 MN occur per 1,000 human buccal cells) (Holland et al., 2008) , we did observe MN disruption occurring in nontransformed cell lines, consistent with previous reports of g-H2AX-positive MN in these types of cells (Terradas et al., 2009; Xu et al., 2011; Crasta et al., 2012) . Thus, MN disruption could be an important early event in cancer development. At this time, there are few objective markers for genomic instability in solid tumors, although diagnosis of several cancers relies on the identification of aneuploidy. MN have been used extensively to identify genomic instability in peripheral blood cells or epithelial cell scrapings (Holland et al., 2008) but are hard to positively identify in tumor sections. Our ability to identify disrupted MN in solid tumors suggests a new way to evaluate aneuploidy in these tissues. Disrupted MN are readily identifiable in 5 mmthick NSCLC sections by fluorescent microscopy even at low magnification due to their characteristic accumulation of g-H2AX (see Figure 6C ). This is in contrast to intact MN, which require analysis of the entire z projection and can be difficult to distinguish from cut-off PN. Our analysis in tissue culture cells suggests that disrupted MN represent a high and regular percentage of the total population of MN in an asynchronous fixed sample. It will be of great interest to examine how MN disruption frequency compares to standard and more time-consuming assays for aneuploidy in solid tumors and whether it represents a new diagnostic structural trait.
Our findings suggest that NE collapse in MN is the result of decreased LmnB1 and subsequent disruption of the lamina. This collapse results in lasting MN damage that can affect genomic stability. It remains unclear why this event is specific to MN and why similar events do not seem to occur during developmental karyomere formation. Further analysis promises to be informative about both the mechanism of NE repair in interphase and NE formation after mitosis. In addition, our data indicate a connection between aberrant NE dynamics and carcinogenesis that may prove to be a valuable tool for cancer diagnosis.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection U2OS, DU145, HeLa, and MDA-MB-231 cells were grown in DMEM + 10% FBS at 10% CO 2 . hTERT-RPE-1 cells were grown in DMEM/F12 + 10% FBS + 0.01 mg/ml hygromycin at 5% CO 2 . IMR90 cells were grown in DMEM with Glutamax (GIBCO) + 15% FBS + nonessential amino acids (GIBCO) at 7.5% CO 2 , 3% O 2 . Plasmids were transfected with Lipofectamine 2000, and siRNAs were transfected with RNAimax according to manufacturer's instructions (both Life Technologies). Cells were analyzed at least 2 days post-transfection. Details on the stable cell lines, plasmids, and siRNAs used in this study are in the Extended Experimental Procedures.
For mitotic shake-off experiments, cells were incubated in 100 ng/ml nocodazole for up to 6 hr prior to synchronization by shake-off onto coverslips in fresh medium. EdU was added to the medium at 10 mm for pulse-labeling and 5 mm for long-term labeling experiments. Hydroxyurea was used at 2 mM, and RO-3306 (Enzo) was used at 10 mm. Doxorubicin was used at 5 mm to assess DNA damage in disrupted MN and at 0.5 mm to asses MN disruption after DNA damage. Leptomycin B was used at 0.1 mg/ml. For time-lapse imaging, cells were incubated in 0.1 mg/ml Hoechst for 15 m at 37 C, and fresh medium added prior to imaging.
Immunofluorescence and Fluorescent In Situ Hybridization
Antibodies used for immunofluorescence are listed in the Extended Experimental Procedures. For indirect immunofluorescence, cells were grown on coverslips and fixed in 4% PFA in 13 PBS for 10 min at room temperature (RT). Coverslips were blocked in 3% BSA in PBS + 0.1% Triton X-100 prior to incubation in primary and secondary antibodies diluted in blocking buffer. Coverslips were briefly incubated with DAPI (1 mg/ml in PBS; Roche) and mounted in Vectashield (Vector Labs). For structured illumination microscopy (SIM) analysis, cells were grown on Zeiss high-performance coverslips and mounted in ProLong Gold (Life Technologies). Human non-small-cell carcinoma resection specimens were fixed in normal buffered formalin for 12-72 hr before standard histologic paraffinization (Fischer et al., 2008) . Five micrometer sections were cut from the paraffinized blocks of tissue and mounted on Fisher Plus microscope slides. Paraffin sections were rehydrated in xylene and a graduated ethanol series. Antigen retrieval was performed by boiling in 0.01 M citric acid (pH 6) for 15 min. Slides were blocked in 3% BSA and 4% goat serum in 13PBS + 0.1% Triton X-100 prior to incubation in antibody dilutions and DAPI. If necessary, slides were incubated in Sypro Ruby (Life Technologies) overnight at 4 C prior to DAPI staining. Sections were mounted in ProLong
Gold. For fluorescent in situ hybridization (FISH), cells grown on coverslips were fixed for 10 min at RT in 4% PFA and processed for in situ hybridization using a previously described protocol (http://www.singerlab.org/protocols). Cells were incubated in 0.3 ng/ml Alexa-568-polydT(50) probe (custom ordered; Life Technologies) overnight at 37 C. Indirect immunofluorescence was then performed as described above. Fixed samples were imaged on a Zeiss LSM 710 scanning confocal microscope with a 633 1.4NA oil immersion or a 203 0.8NA air objective with Zen software (Zeiss). Images are single confocal sections except where noted. Images were adjusted for brightness and contrast using ImageJ (Abrà moff et al., 2004) or Photoshop CS3 (Adobe). All z stacks were taken at 0.5 mm intervals. SIM was performed using a Zeiss Elyra PS.1 Super-Resolution microscope with a 633 1.4NA oil immersion objective. Images were acquired and processed with Zen 2012 software (Zeiss). TEM Cells were grown on MatTek 35 mm petri dishes with a 14 mm microwell, fixed in 2% glutaraldehyde in 0.1 M Na cacodylate buffer (pH 7.3), washed, and incubated in 1% osmium tetroxide followed by 2% uranyl acetate. After embedding in Durcupan (Electron Microscopy Sciences), thin sections (70 nm) were cut on an ultramicrotome (Leica) and post-stained with 2% uranyl acetate and Sato's Lead stain. Sections were examined on a JEOL 1200ex TEM, and images were captured on film.
Time-Lapse Imaging
Cells were plated into 8-well m-slide chambers (iBidi) and imaged on a Zeiss Axioscope/Yokagawa spinning disk confocal microscope with a 633 1.4NA oil objective or a 203 0.8 NA air objective at 37 C and 10% CO 2 . Images were captured with an EM CCD camera (Hamamatsu) using AxioVision software (Zeiss). Videos were cropped and adjusted for brightness and contrast using ImageJ and Photoshop.
Quantification of Images and Western Blots
Western blot bands were quantified with a fluorescent imager (Odyssey; Li-Cor) and ImageJ. The integrated density of the bands was background subtracted and normalized to GAPDH prior to comparison. Prism5 (GraphPad) was used to generate all graphs and perform statistical analyses. 
